Fine Nb 2 O 5 powder was filled into a basket-type cathode and immersed in molten 
Introduction
Because of the high capacitance of Ta 2 O 5 , tantalum is a major material used in electrolytic capacitors. However, tantalum is scarce and expensive to produce. Niobium metal has many unique properties such as a high melting point, hydrogen absorption capacity, and superconductivity. In particular, the good electric properties of niobium metal make it a desirable alternative to tantalum for application in electrolytic capacitors.
Many researchers have previously reported the possibility of using niobium as electrode material for electrolytic capacitors [1] [2] [3] [4] [5] [6] .
The electrodes of capacitors are currently fabricated by sintering metallic powder at high temperatures and by anodizing the surface of the sintered particles below 373 K to form an amorphous oxide film. The surface area of the electrode is determined by particle size and configuration, and it has a significant effect on the capacitance of the electrode. Because the sintering of particles decreases the surface area of the electrode, it is important to control the morphology of the metallic powder before sintering. For example, mixing fine spherical particles of tantalum with rod-or plate-like particles suppressed the decrease in the surface area of the electrode during sintering [7, 8] . It is thus expected that niobium powder having an analogous morphology will similarly minimize the decrease in the surface area of electrodes.
The industrial method for producing niobium powder consists of several processes [3, 9, 10] . Mined and concentrated ore is first reduced by aluminum metal (aluminothermic reduction). Because niobium metal produced by aluminothermic reduction often contains various impurities such as aluminum and oxygen, the crude metal is purified using electron beam melting (EBM) under vacuum, and the molten pure niobium is solidified into ingots. The ingots are then pulverized using the costly method of hydrogenation and dehydrogenation (HDH).
For directly producing niobium powder from niobium oxide, many researchers have investigated alternative processes. Vahlas et al. [11] applied chemical vapor deposition (CVD) for preparing niobium powder. Fray et al. [12] [13] [14] [15] [16] [17] [18] used molten CaCl 2 to develop the "Fray, Farthing, and Chen" (FFC) Cambridge process. The reduction in FFC process is based on the oxygen ionization of cathodic metal oxides. However, after the metallic phase was obtained in a pellet, the niobium metallic particles sintered tightly in a long reduction time. Baba et al. [7, 8, 19] 
C + nO 2-= CO n + 2ne -(n=1 or 2) (anodic reaction)
The precipitated metallic Ca either directly reacts with niobium oxide near the cathode or dissolves into the CaCl 2 melt, and the strong reducing molten salt can form niobium from the oxide as follows:
CaO is the byproduct of Ca reduction, and it rapidly dissolves into the CaCl 2 melt and decomposes into ions, as shown in Eq. (1), which enables the continuous use of the OS process to recycle Ca without using any charge of the chemicals. Because the capacitor properties are sensitive to impurities, having a reductant with a neutral charge is a significant advantage to prevent contamination.
In this study, we aim to use the OS process method for niobium oxides in order to produce metallic niobium powder that exhibit a rod-or plate-like morphology.
Experimental
The starting sample was Nb 2 O 5 powder (99.9% pure), and its particle size was approximately 1 µm. The cathode was constructed as a basket-shaped container with a niobium disk and nickel net (300 mesh). The anode was a 10-mm-diameter graphite rod.
Nb 2 O 5 powder (2.0 g) was filled inside the cathodic container. Figure 1 shows the experimental apparatus. CaCl 2 (>95% pure; main impurity was water) and CaO (99.9% pure) were mixed in a composition of 99.5 mol% CaCl 2 and 0.5 mol% CaO. The mixture was placed into a MgO crucible (90-mm inner diameter; 200-mm deep), which was set in a stainless steel chamber. The apparatus was slowly heated at 873 K where CaCl 2 and CaO were dehydrated under vacuum for at least 20 ks. Argon gas saturated the apparatus, and the temperature was slowly increased to 1173 K. Two electrodes were inserted into molten salt at 1173 K, and a constant voltage of 2.8 V was applied.
The electrolysis was terminated after a certain amount of electric charge was supplied, and the two electrodes were removed from the electrolyte before they were cooled. The samples in the cathodic container were placed into distilled water and were ultrasonically vibrated to remove the solidified salt. The sample powder was carefully separated from the container and was washed with a sequence of distilled water, acetic acid, distilled water, ethanol, and acetone. The samples were then dried and reserved under vacuum.
The phases in the samples were identified using X-ray diffraction (XRD) measurements with a Cu-K characteristic ray. The morphologies of samples were observed using scanning electron microscopy (SEM). The residual oxygen concentration in the samples was determined using the inert-gas-fusion infrared-absorption method with an oxygen/nitrogen analyzer LECO TC 600.
Results

Reaction without using electrolysis
Niobium oxide in the basket-shaped container was immersed into molten CaCl 2 -0.5 mol% CaO without supplying any electric charge. After niobium oxide was immersed for either 1.8 or 3.6 ks, the container was raised to the upper part of the vessel and cooled. All the specimens were obtained as a lump with solidified CaCl 2 . They were crushed into a fine powder, and the powder was washed with distilled water to remove the solidified salt. Figure 2 shows the XRD patterns for the samples that were immersed for either (5) Figure 3 shows the SEM images of the samples. Numerous particles exhibiting either rod-or plate-like morphology were formed. powder. [29] if CaO coexists, and the formation of coarse calcium niobite particles decreases the surface area of the oxide, which should decrease the rate of Ca reduction. These are the reasons that the rate of reduction was decreased and that a significant electrolytic time was necessary in order to prepare pure niobium. 
Reduction by electrolysis of CaO
Formation of Ca
The produced CaO quickly dissolves into the molten salt, and the activity of CaO near calcium niobite becomes higher than that of CaO in other areas. Ca 2 Nb 2 O 7 thus forms more easily, as per Eq. (6). That is the reason that the XRD peaks were identified as the peaks associated with Ca 2 Nb 2 O 7 .
Equations (6) and (7) 
Pulverization of Nb
The obtained niobium powder that has the lower oxygen concentration exhibits the common coarse-particle morphology. Although it is difficult to prepare metallic niobium powder that only exhibits rod-or plate-like morphology, Ca reduction of Ta 2 O 5 could produce such structures [7, 8] . The reason is as follows: Large and long particles of calcium niobite were attacked by Ca metal, and they shrank locally. 
Carbon contamination
CO and CO 2 gases are produced near the graphite anode during electrolysis, as shown in Eq. (2). Although these gases should be expelled to the outside of the vessel, they can partially react with Ca near the cathode and sometimes form CaO and carbon [32] . As this CaO also dissolves into the melt, the origin of the oxygen cannot be distinguished as coming from either the CaO or the starting oxide. Because carbon does not dissolve, carbon powder would be expected to form on the salt surface or in the molten salt. In fact, a black powder was found at the surface of the solidified salt. This induces carbon contamination, and niobium carbide (NbC) that appeared during the later stage of reduction (at the larger Q/Q 0 ) is evidence of this parasite reaction. Carbon contamination seriously affects the characteristics of niobium, especially when niobium is used in capacitor applications. Shorter electrolysis times are therefore desirable to prevent carbonization of the produced niobium.
Conclusions
Calcium niobites that exhibited either rod-or plate-morphology were formed by immersing Nb 2 O 5 into molten CaCl 2 -CaO without using any electrolytic charge. During the initial stage of electrolytic reduction, calcium niobite particles that exhibited either rod-or plate-like morphology were formed. Calcium niobites gradually became metallic niobium powder during reduction. The Nb-metal particles electrolytically reduced at Electrolysis was not applied. 
